4S03 Molecular Biophysics – Assignment 1.
1. Questions based on Liphardt et al. (2001) – Reversible unfolding of single RNA molecules by mechanical force.

(a) What is Tetrahymena thermophila? What is the T. thermophila ribozyme and why is it “famous”? (5 marks)
(b) What are the basic elements of RNA secondary structure? Which of these occur in the three sequences studied here? (5 marks)
(c) What is meant by reversible folding/unfolding, and two-state folding/unfolding behaviour? What is the evidence that the folding/unfolding behaviour of P5ab is reversible and two-state?

(5 marks)

(d) Let pu be the fraction of unfolded molecules. Assume a two-state model where the free energy difference between the folded and unfolded structures is (G, the additional extension that occurs when the molecule is unfolded is (x, and the applied force is F. The net free energy difference between the two states is (G - F(x. Write down the formula for pu as a function of F. This should be an S-shaped curve, as in Figure 2B.


Copy the positions of the data points of pu against F from Figure 2B and put these into an Excel spreadsheet (or something equivalent). About 6 or 7 points should be enough to define the shape of the curve. Do not worry too much if there is a bit of error in estimating the points from the printed graph.


Use Excel to plot a graph of the function pu(F) for several different choices of the parameters (G and (x. Show that values of these parameters close to the ones given in the paper give a good fit of the curve to the data points. (Note that the temperature is 298 Kelvin in this experiment). (10 marks)


(e) What is the difference between the experimental set-ups for the force-extension and constant force experiments? The constant force experiment (Fig 2C) shows hopping between the two states. For the rates ku(f and kf(u estimated in the paper, what is the typical time spent in one state before a transition occurs? This should be much longer than the time of the transition itself (which is unresolvable). The two-state model works because the molecule spends most of its time either folded or unfolded and hardly any time in the intermediate states. Figures 2B and 2D should show more or less the same thing. What is the relationship between 2B and 2D? Why is 2D a straight line? (5 marks)
(f) The folding/unfolding of P5abc(A and P5abc show hysteresis. What does this mean? Why does hysteresis occur when the force is changed rapidly but not when it is changed slowly? 
From the experiments on P5abc and the results shown in Fig 3, what can we learn about the possible intermediate structures between the folded and unfolded states for this sequence? (10 marks)
(h) The mfold program for RNA secondary structure prediction can be found at http://mfold.rna.albany.edu/?q=mfold. Find out a bit about how the program works and what thermodynamic parameters it uses (This is just for background information. You don’t need to write anything for this). Type in the sequence for P5ab and use the web server to obtain the calculated free energy of the structure. Comment on whether the predicted structure is the same as Figure 1. The sequence needs to be written in the 5’ to 3’ direction (why is this?). You will need to change the units from kcal/mol to kJ/mol to compare with the values given in the paper. (5 marks)
--------------------------------------------------------------

2. These questions are related to force-extension curves for macromolecules.

(a) In the lectures we considered the Freely Jointed Chain model in three dimensions. We showed that the mean end to end distance <X> under applied force F is
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where L(Fa/kT) is the Langevin function. Check that you understand where this comes from. It is also given in Phillips et al. Section 8.3. Use Excel to plot a graph of X/Na as a function of Fa/kT. It should look something like Phillips et al. Figure 8.27.
(5 marks)
(b) Now consider the one-dimensional version of the FJC (also in Phillips et al. Section 8.3). Each segment of the chain only has two configurations: x = +a or x =-a. Let there be N segments in total. Let nR be the number of steps to the right. Wtot is the total number of configurations, and W(nR) is the number of configurations with nR steps to the right. Write down the formulae for Wtot and W(nR). 

The end-to-end distance for the chain is X = nRa – (N-nR)a = (2nR – N)a. Note that X can vary from –Na to +Na in steps of 2a. The number of configurations W(X) for each value of X is equal to W(nR) for the corresponding value of nR. We can write the partition function as
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From this, write down the equilibrium probability P(X) that the end to end distance is X. (5 marks)
(c) Consider the case where N = 20 and a = 1 unit. Use Excel to calculate P(X) for each value of X in the range –20 to 20. Plot a graph of P(X) as a function of X . Do this for the case where there is no force, and for the cases where Fa/kT = 0.1, 1 and 4. Plot the four distributions P(X) on the same graph. The zero-force case should look like a Gaussian distribution. The other distributions should be increasingly biased to the right.


From the calculated distributions, obtain the mean value of X for each case:
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(10 marks)
(d) There are only two configurations for a single step. Therefore the partition function for a single step can be written as
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The mean value of x1 for one segment on the chain is therefore
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Show that this can also be written as
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This was a trick we used in the lectures for the three dimensional model. From this, calculate <x1> and hence show that
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Use this formula to determine <X> for the four cases you looked at in part (c). Verify that these numbers are the same as you got in part (c). (5 marks)
(e) Plot the tanh function for the 1d model on the same graph as the Langevin function for the 3d model that you did in part (a). Both these models have a linear region for small forces, where the chains are like Gaussian chains, i.e. <X> ( constant times F. What are the constants for the 1d and 3d models? Why are these different? (5 marks)
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